Abstract-The evaluation of electromagnetic transients in overhead power lines due to nearby lightning return strokes requires accurate models for the calculation of both the incident lightning electromagnetic pulse (LEMP) and the effects of coupling of this field to the line conductors. Considering also the complexity of distribution networks in terms of their topology and the presence of power system components and protection devices, the implementation of the LEMP-to-transmission-line coupling models into software tools used to represent the transient behavior of the entire network is of crucial importance. This paper reviews the most significant results obtained by the authors concerning the calculation of lightning-induced voltages. First, the theoretical basis of advanced models for the calculation of LEMP-originated transients in overhead power lines is illustrated; then, the relevant experimental validation using: 1) reduced-scale setups with LEMP and nuclear electromagnetic pulse (NEMP) simulators and 2) full-scale setups illuminated by artificially initiated lightning are reported. Finally, the paper presents comparisons between simulations and new experimental data consisting of measured natural lightninginduced voltages on a real distribution network in northern Italy, correlated with data from lightning location systems.
I. INTRODUCTION
T HE ACCURATE evaluation of lightning-induced overvoltages on distribution networks is essential for: 1) the estimation of the lightning performance curves of overhead lines [1] - [3] ; 2) the optimal choice of the characteristics, number, and location of protective/mitigation devices (surge arresters, shielding wires, and relevant groundings) [1] , [4] - [7] ; and 3) the analysis of possible correlations between lightning events-detected by lightning location systems-and voltage dips and/or interruptions [8] - [13] . Transients in overhead power lines due to lightning can be caused by both direct and indirect events [1] . However, in view of the modest height of medium and low voltage distribution lines compared to that of structures in their vicinity, indirect lightning return strokes are much more frequent events than direct strokes [14] , and for this reason, although direct strokes have a high probability of producing an insulation flashover, the paper focuses on indirect lightning events as they are the more frequent ones.
Concerning the calculation of indirect lightning-induced transients, two approaches are proposed in the literature. The first is based on the use of approximate analytical formulas, while the second is based on the numerical calculation of the lightning electromagnetic pulse (LEMP) and its electromagnetic coupling with the overhead line conductors.
As opposed to simple analytical formulas (such as the popular formula by Rusck [15] and the one proposed by Darveniza [16] ), which are restricted to unrealistically simple configurations, more elaborate models (e.g., see [17] - [19] ) allow for an accurate treatment of realistic line and network configurations. The complexity of these models calls for an implementation into computer codes since, in general, they require a numerical integration of the relevant equations.
There is also an approach based on the finite-difference timedomain (FDTD) method for solving the Maxwell's equations (e.g., see [20] and [21] ) but it has been applied only to simple configuration lines. This paper deals with the theoretical basis of advanced models for the calculation of lightning-induced voltages on realistic overhead distribution networks. The paper also describes the numerical implementation of these models together with their validation carried out by using experimental data obtained by means of reduced-scale setups with LEMP and nuclear electromagnetic pulse (NEMP) simulators and also with data obtained by using natural and artificially initiated triggered lightning on full-scale installations and distribution networks. The paper is organized as follows. Section II reviews the models for the calculation of lightning-induced transients. Section III illustrates the experimental validation of the fieldto-transmission-line coupling model, suitably extended to the case of complex networks, using data obtained on reduced and full-scale setups illuminated by LEMP/NEMP simulators and natural/triggered lightning. Finally, Section IV contains concluding remarks.
II. MODELS FOR THE CALCULATION OF LIGHTNING-INDUCED TRANSIENTS IN OVERHEAD POWER LINES
The evaluation of lightning-induced overvoltages is generally performed in the following ways.
1) The lightning return-stroke electromagnetic field change is calculated at a number of points along the line employing a lightning return-stroke model, namely a model that describes the spatial and temporal distribution of the return stroke current along the channel. To this end, the return stroke channel is generally considered as a straight, vertical antenna (see Fig. 1 ).
2) The evaluated electromagnetic fields are used to calculate the induced overvoltages making use of a field-totransmission-line coupling model which describes the interaction between the LEMP and the line conductors [22] - [24] .
A. Return-Stroke Models
Return-stroke current models have been the subject of some reviews in the literature, e.g., [25] - [31] . Lightning return-stroke models are categorized into four classes in [31] : 1) the gas dynamic models; 2) the electromagnetic models; 3) the distributed circuit models; and 4) the engineering models. A general description of the four classes of models can be found in [32] . In the studies dealing with lightning-induced disturbances on power lines, engineering models have been adopted almost exclusively, essentially for two reasons. First, engineering models are characterized by a small number of adjustable parameters, usually only one or two besides the specified channel-base current. Second, engineering models allow the return-stroke current at any point along the lightning channel to be simply related to a specified channel-base current. Rakov and Uman [32] expressed several engineering models by the following generalized current equation:
where u(t) is the Heaviside function equal to unity for t ≥ z /v and zero otherwise, P (z ) is the height-dependent current attenuation factor, v is the upward-propagating return-stroke front speed, and v * is the current-wave propagation speed. Table I summarizes P (z ) and v * for five engineering models. Note that, as in most studies on lightning-induced voltages, the excitation source is considered as only due to the returnstroke electric field change, neglecting any field changes prior to it. 1 In some cases, and for very close strikes, the electric field change due to the preceding downward leader phase may have a significant influence on the amplitude and shape of the induced voltages [33] .
B. LEMP Calculation
The LEMP calculation, which requires the specification of the lightning return-stroke current along the channel [34] , [35] , can be performed in either the time or the frequency domain. However, a direct solution in the time domain is sometimes preferable because it allows the handling, in a straightforward manner, of nonlinear phenomena such as corona, changes in the network configuration (opening of circuit breaker, etc.), and the presence of nonlinear protective devices at the line terminals (such as surge arresters).
Two approaches have been adopted for the LEMP calculation, namely the so-called dipole and monopole techniques [36] . By making reference to the dipole technique 1 and to the geometry shown in Fig. 1 , the expressions for the electromagnetic field radiated by a vertical dipole of length dz at a height z along the lightning channel, assumed as a vertical antenna over a perfectly conducting plane, can be derived by solving Maxwell's equations in terms of retarded scalar and vector potentials (e.g., see [37] and [38] ).
For distances not exceeding a few kilometers, the assumption of a perfectly conducting ground can be considered as reasonable for the calculation of the vertical component of the electric field and for the horizontal component of the magnetic field [39] , [40] . On the other hand, the horizontal component of the electric field is appreciably affected by the finite conductivity of the ground. Although the intensity of the horizontal field component is generally much smaller than that of the vertical one, within the context of certain coupling models, it plays an important role in the coupling mechanism [41] and, hence, it has to be determined accurately. Methods for the calculation of the horizontal field using the exact Sommerfeld integrals are inefficient from the point of view of computer time, although dedicated algorithms have been proposed in some recent studies [42] . A simplified expression has been proposed independently by Rubinstein [43] and Cooray [44] , which is discussed by Wait [45] and improved by Cooray [46] . It has been shown that the Cooray-Rubinstein formula is able to reproduce satisfactorily the horizontal electric field at close, intermediate, and distant ranges and for typical ground conductivities (e.g., see [47] and [48] ). 2 Note finally that, as discussed in [49] , LEMP calculation can also be performed using numerical solutions of Maxwell's equations. Two methods have been widely used for this purpose, namely the method of moment (e.g., see [50] - [54] ) and the FDTD technique (e.g., see [55] - [58] ).
C. Field-to-Transmission-Line Coupling Equations
To solve the coupling problem, i.e., the determination of voltages and currents induced by an external field on a conducting system, use could be made of antenna theory, the general and rigorous approach based on Maxwell's equations [59] . Due to the length of typical overhead line installations, together with the need for also modeling other components (e.g., power transformers, surge arresters, general line terminations), the use of such theory for the calculation of lightning-induced overvoltages is not straightforward and implies long computing times.
Another possible approach is the use of the transmission-line theory. The basic assumptions of this approximation are that the response of the line is quasitransverse electromagnetic (quasi-TEM) and that the transverse dimensions of the line are much smaller than the minimum significant wavelength. The line is represented by an infinite series of elementary sections to which, by virtue of the earlier assumptions, the quasistatic approximation applies. Each section is illuminated progressively by the incident electromagnetic field so that longitudinal propagation effects are taken into account.
Different and equivalent coupling models based on the use of the transmission-line approach have been proposed in the literature (e.g., see [22] - [24] ) and, in what follows, we shall make reference to the Agrawal et al. coupling model [23] . That model presents the notable advantage of taking into account in a straightforward way the ground resistivity in the coupling mechanism and it is the only one that has been thoroughly tested and validated using experimental results, as will be discussed next.
With reference to the geometry shown in Fig. 2 , the coupling equations for the case of a multiconductor system along the x-2 The Cooray-Rubinstein formula has been adopted to carry out the simulation results of Section III. axis above an imperfectly conducting ground and in the presence of an external electromagnetic excitation are given by [60] Assuming that the distance r ij between conductors i and j is much larger than their radii, the general expression for the mutual inductance between the two conductors is given by [61] 
where d is the distance between conductor i and conductor j, and d * is the distance between conductor i and the image of conductor j.
The self-inductance for conductor i is given by
is the per-unit-length line capacitance matrix. It can be evaluated directly from the inductance matrix using the following expression [61] 
is the per-unit-length transverse conductance matrix. The transverse conductance matrix elements can be evaluated starting either from the capacitance matrix or the inductance matrix using the following relations
However, for most practical cases, the transverse conductance matrix elements G ij are negligible in comparison with jωC ij and can therefore be neglected in the computation.
is the ground impedance matrix. The general expression for the mutual ground impedance between two conductors i and j derived by Sunde is given by [62] 
In a similar way as for the case of a single-wire line, an accurate logarithmic approximation has been proposed by Rachidi et al. [60] , which is given by
(9) Note that, in (2) and (3), the terms corresponding to the wire impedance and the so-called ground admittance have been neglected. Indeed, for typical overhead lines and for the typical frequency range of interest (below 10 MHz), disregarding these parameters is a reasonable approximation [47] , [63] .
The boundary conditions for the two line terminations in the case of lumped linear impedances are given by
A time-domain representation of coupling equations is sometimes preferable, as explained in Section II-B. However, frequency-dependent parameters, such as the ground impedance, need to be represented using convolution integrals, which require considerable computation time and memory storage.
The two transmission-line coupling equations of the model of Agrawal et al., expressed in the time domain for a multiconductor overhead line above a lossy ground are
Here, ⊗ denotes the convolution product and the elements of the matrix [ξ g i j ] are given by the inverse Fourier transform of the ground impedance matrix [
The general expression for the ground impedance matrix terms in the frequency domain does not have an analytical inverse Fourier transform. Thus, the elements of the transient ground resistance matrix in time domain have to be, in general, determined using a numerical inverse Fourier transform algorithm. However, the following analytical expressions have been shown to be reasonable approximations to the numerical values obtained using an inverse fast Fourier transform (FFT) [64] :
in which
and T ij and θ ij are defined as follows: (18) and erfc is the complementary error function. Similar expressions have also been proposed by Araneo and Cellozi [65] . More discussion on the validity of the approximate analytical expressions can be found in [66] .
D. FDTD Numerical Solution of Field-to-Transmission-Line Coupling Equations
As mentioned earlier, most studies on lightning-induced voltages on overhead power lines use a direct time-domain analysis because of its relative simplicity in dealing with insulation coordination problems and because of its ability to handle nonlinearities that arise in presence of protective devices such as surge arresters or the corona effect.
One of the most popular approaches to solve the coupling equations in the time domain is the FDTD technique (e.g., see [67] ).
Such a technique was already used by Agrawal et al. [23] where partial time and space derivatives were approximated using a first-order FDTD scheme. Instead, the use of a secondorder FDTD scheme based on the Lax-Wendroff algorithm [69] , [70] was proposed in [68] . The second-order FDTD scheme shows much better stability compared to its first-order counterpart, especially when analyzing complex systems involving nonlinearities [68] , [71] .
The second-order discretized solutions for the line current and scattered voltage are given by
where ∆x is the spatial integration step, ∆t is the time integration step, k = 0, 1, 2, . . ., k max is the spatial discretization index (k max = (L/∆x) + 1, where L is the line length), n = 0, 1, 2, . . ., n max is the time discretization index (n max = (T /∆t) + 1, where T is the adopted time window),
is the vector of the scattered voltages corresponding to the spatial and time integration indexes k and n + 1, respectively,
is the vector of the conductors currents corresponding to the spatial and time integration indexes k and n + 1, respectively, and
E. Extension to Complex Networks
As mentioned in Section I, the inherent complexity of distribution networks in terms of topology and the presence of different components and protection devices, calls for an extension of LEMP-to-transmission-line coupling models initially developed for a single line.
The LEMP-to-transmission-line coupling equations deal with the case of multiconductor lines with resistive terminations. In principle, such a model can be suitably modified, case by case, in order to take into account the presence of the specific type of terminations, line discontinuities (e.g., surge arresters across the line insulators along the line), and of complex system topologies. This procedure requires that the boundary conditions for the transmission-line coupling equations be properly rewritten case by case, as discussed by Nucci et al. [72] . However, as proposed by other authors [18] , [19] , [72] - [80] , it has been found more convenient to link such a model with the electromagnetic transient program (EMTP) in order to take advantage of the large available library of power components.
The approach adopted in this paper is the one illustrated by Nucci et al. [72] , Paolone [71] , Borghetti et al. [19] , and recently improved by Napolitano et al. [79] in which the LEMPcoupled network is viewed as an illuminated group of lines connected to each other through shunt admittances. The LEMPto-transmission-line coupling model computes the response of the various lines composing the network, while the EMTP solves the boundary condition.
III. EXPERIMENTAL VALIDATION
Rigorously, testing a coupling model requires the knowledge of the incident electromagnetic field and of the induced voltages or currents induced by the field on a given experimental line. The fields and voltages need to be obtained experimentally. Using the measured exciting incident field as an input to the coupling model under test, one has to evaluate the voltage or current induced on the line as predicted by the model and to compare the resulting calculated wave shape with the measured one.
A number of experimental installations have been set up in different research centers in the world with such an aim. The exciting field can come from different sources, such as the field radiated by natural or triggered lightning [81] - [89] , by NEMP simulators [19] , [90] - [93] , or by vertical antennas simulating a reduced-scale lightning channel [94] - [96] .
As a general comment, it can be observed that the use of lightning is complicated by the intrinsic difficulty in performing a controlled experiment, although triggered lightning is clearly a better technique in this respect. More controlled conditions can be achieved using the aforementioned EMP simulators or reduced-scale models. In what follows we give a brief description of the results that have been obtained using these techniques with the aim of testing the coupling models.
A. Reduced-Scale Model Tests by Means of NEMP and LEMP Simulators
As known, a NEMP simulator is a facility able to radiate within its so-called working volume an electromagnetic wave with very short rise time (of the order of some nanoseconds) and with electric field intensity of some tens of kilovolts per meter. The main components of an EMP simulator are a pulse generator and an antenna (of guided-wave type, conical, etc.) excited by the generator. With an EMP simulator it is possible, in principle, to avoid contaminations of the incident field due to wire scattering, as might be the case when the field and the induced voltages are measured simultaneously (e.g., for lines illuminated by natural lightning fields). In this respect, the repeatability of the pulse generator output is crucial, in that the electromagnetic field that is measured within the working volume in absence of the victim must be essentially unaltered when the victim is put within the working volume. Comparisons between calculated results and measurements obtained using the SEMIRAMIS EMP simulator of the Swiss Federal Institute of Technology of Lausanne [91] have been presented by Guerrieri et al. [92] , [93] . SEMIRAMIS is of the bounded-wave, vertically polarized type, with a working volume of 3 m × 1 m × 1 m. A measurement record of the waveform of the electric vertical field inside the working volume, performed in the absence of a line, is presented in Fig. 3 . The field has a rise time of about 8 ns and a decay time of about 150 ns. An example of comparison for a Y-shaped victim network is presented in Fig. 4 . The procedure used for the validation was based on the measurement of the electric field generated in the simulator in absence of the line and of the induced currents measured at different line terminations of reduced-scale line models placed in the working volume. The measured incident field was then used as an input to the modified Agrawal et al. model computer code and the computed induced currents were compared with measured waveforms.
Several other reduced-scale line models reproducing single and multiconductor line configurations were also used by Paolone et al. [7] for testing the coupling equations of Agrawal et al.
Results have been obtained for a single-conductor configuration with a shielding wire grounded at the line extremities, as shown in Fig. 5 , and a vertically configured three-conductor line with a shielding wire grounded at line extremities and at the line center represented in Fig. 6 .
For the configuration with a single conductor, the shielding wire was placed successively above and under the phase conductor at two different heights, namely 18 or 22 cm (as shown in Fig. 5 ). Fig. 7 shows, for the single-conductor configuration, a comparison between measurements and simulations of the current in the phase conductor line terminations with and without the shielding wire.
It can be seen that the numerical results agree well with the experimental data. In addition, as expected, the shielding wire is more efficient in mitigating the induced voltages when it is placed above the phase conductor.
For the three-phase configuration, the shielding wire was placed above the highest phase conductor (as indicated in Fig. 6 ). Fig. 8 shows comparisons between measured and simulated currents in the middle line conductor (with and without the shielding wire) and between measurements and simulations of the induced current in the shielding wire. Also for this case, the numerical simulations are in excellent agreement with measurements. Tests using a more elaborate and complex network consisting of 27 branches (see Fig. 9 ) illuminated by the electromagnetic field generated by the Swiss Defence Procurement Agency EMP simulator (called VERIFY) have also been performed. The network actually represents a simple model for a car cable harness, flattened on the ground plane. The wire used to construct the harness has a stranded multiconductor core with an insulating sheath. The diameter of the conductor for the wire is approximately 1 mm, while that for the insulation is 2.5 mm. The height of the wire over the ground plane was 20 mm.
The NEMP simulator VERIFY generates a vertically polarized electric field with a rise time of 0.9 ns and a full-width at half-maximum (FWHM) of 24 ns. The working volume is 4 × 4 × 2.5 m 3 and the maximum E-field amplitude is 100 kV/m. Fig. 10 presents the vertical incident field produced by the EMP simulator, measured in the absence of the network.
A map of the E-field generated by the simulator was created by performing measurements at 1 m above the ground and at squared intervals of 1 m in order to check the homogeneity of the field inside the working volume of the simulator. Fig. 11 shows the peak electric field value as a function of the position inside the working area. Fig. 12 presents comparisons between experimental data and computer simulations for different load configurations of the reduced-scale model network. It can be seen that the numerical simulations are in good agreement with the measurements.
Experimental validation based on the use of LEMP simulator measurements has been realized by means of the experimental results obtained by Piantini and Janiszewski [95] . The measurements have been performed on reduced-scale models designed and realized at the University of Sao Paulo in Brazil, which reproduce a typical overhead distribution system (main feeder plus branches), including surge arresters, neutral grounding, Tjunctions (between line branches), and shunt capacitors aimed at modeling distribution transformers. The surge arresters are simulated by means of a combination of diodes and resistances [97] . The system that simulates the lightning current generates a current wave shape that can be approximated with a triangular profile. By making reference to real-scale quantities, the equivalent lighting characteristics are: time-to-peak value 2 µs, time-to-half value 85 µs, return-stroke speed 0.33 × 10 8 m/s, channel height 600 m, and return stroke represented by means of the TL model. Different LEMP-illuminated distribution network topologies have been considered [97] . One of the comparisons that makes reference to the topology of Fig. 13(a) is reported here.
For the considered topology, the four-conductor line geometry (three-phase plus neutral) is shown in Fig. 13(b) . The connection types of the line terminations are illustrated in Fig. 13(c) . Fig. 14 shows a comparison between the measured and the calculated phase induced voltages at node M1 [see Fig. 13(a) ] for a stroke current with a peak amplitude of 34 kA, time-to-peak equal to 2 µs, and time-to-half value equal to 85 µs. The measurement and simulation were made on the phase conductor closest to the stroke location.
As in the previously presented studies, this comparison shows a very good agreement between measurements and simulations. experimental data to test the model by Rusck in its complete form [15] , which uses as input the lightning current and gives as output the induced voltage. In this respect, the results by Yokoyama et al. cannot be used to test the coupling model as specified at the beginning of this section, but they provide an indication on the adequacy of the Rusck model.
B. Natural and Triggered Lightning
The first simultaneous measurements of lightning electric and magnetic fields, and the power-line voltages induced by these fields were performed by Master et al. in the Tampa Bay area of Florida during the Summer of 1979 [84] , [98] . Voltage measurements were made at one end of a 500-m unenergized overhead distribution line. Comparison of voltages calculated according to the Agrawal et al. coupling model and voltages measured on the line yielded reasonably good agreement in the wave shapes, but the magnitudes of the theoretical amplitudes were systematically about a factor of four smaller than the measurements [84] , [98] . Then, a series of experiments was carried out in the following years by the University of Florida research group [85] , [86] in which some corrections were made on the first experiment procedure and in which, overall, a better agreement between theory and experimental results concerning voltage wave shapes was reached, although the agreement between amplitudes was not always satisfactory. Possible causes for the disagreement can be calibration errors, imperfect determination of the angle of incidence of the electromagnetic wave, uncertainties about the ground conductivity value, and the presence of trees and other objects in the vicinity of the line that may cause a field distortion.
De la Rosa et al. [87] presented measurements of voltages at one end of 13-kV three-phase overhead line of standard construction type in Mexico. The line was 2.8 km long and nearly 10 m high. The three line conductors were bound together to a common point at both line ends, used to take a connection down to the voltage divider and matching resistor placed at ground level at both ends of the line. The amplitude, polarity, and wave shape of the voltage at one end of the Mexican line were found to be a strong function of the position of lightning with respect to the line (in general quite distant from the line) and of ground conductivity. Their results were used by Cooray and De la Rosa [88] , who found good agreement between measured voltages and those calculated using the Agrawal et al. model. Barker et al. [89] published the results of a study carried out at Camp Blanding in Florida to characterize lightning-induced voltage amplitudes and wave shapes. They tested the Rusck simplified formula (see [17] for a discussion on Rusck model and formula) and the Agrawal et al. model, finding reasonable agreement between theory and measurements. The comparison presented in [89] is, however, affected by the assumption of a perfectly conducting ground, which was not the case in the field experiment.
Adopting a simple model for the leader and the return stroke, Rachidi et al. [33] computed overvoltages induced by nearby lightning on a 500 m line using the electric fields due to both the dart leader and the return stroke. Their results show that, for stroke locations that are approximately along the line prolongation, the dart leader electric field change contributes significantly to the amplitude and wave shape of the induced voltages calculated at the line terminations. For stroke locations that are perpendicular to the line, for the same observation points, the leader effect is less appreciable. Their computed results have been compared to experimental data from close triggered lightning obtained on a test line at the NASA Kennedy Space Center and improved agreement has been found (compared to the results based on the return-stroke electric field change only).
1) Comparison With Triggered Lightning Data:
In this section, the results obtained on a 0.75-km-long line installed at the International Center for Lightning Research and Testing (ICLRT [29] , [99] , [100] ) operated by the University of Florida are presented. The line is composed of four conductors (three-phase conductors plus neutral, grounded at six locations) and equipped with surge arresters. The distance between poles is roughly 60 m and the line terminations consist of 500-Ω resistors that connect each phase conductor to the ground. Groundings of the neutral conductor are placed at poles 1, 2, 6, 10, 14, and 15. The arresters (Ohio-Brass PDV100 type 213615) are connected between each phase conductor and the neutral at poles 2, 6, 10, and 14. The following model assumptions are made in the simulations.
1) In view of the short line length and close distance to the lightning, the finite ground conductivity was considered only in the calculation of the horizontal electric field.
2) According to recommendations of the IEEE Fast Front
Transients Task Force [102] , the surge arresters are modeled using only the V -I nonlinear characteristics.
The groundings of the neutral conductors, composed of vertical cylindrical rods are modeled adopting a lumped parameter approach [62] , [103] - [105] . The geometrical data adopted to infer the parameters of this model are the ones reported in [106] . Fig. 16 presents comparisons between measured and computed currents at different locations of the line and the groundings.
As can be seen, the numerical results obtained using the proposed approach, are in good agreement with the measured data with small differences observed in the amplitudes and in the periods of the oscillatory tails of the waveforms.
Possible reasons for disagreement can be ascribed to the imperfect knowledge of the soil conductivity and its possible non homogeneity, and to the V -I characteristic of the surge arresters provided by the manufacturer, determined for a standard 8/20 µs pulse, which clearly differ from the induced current wave shapes.
2) Comparison With Natural Lightning Data:
This section makes reference to data obtained during the experimental campaign reported in [13] aimed at correlating cloud-to-ground lightning discharges with relay operations of a real distribution network. This study makes use of: 1) data recorded by means of a distributed measurement system (DMS) installed in a real distribution network located in the northern region of Italy; 2) data coming from the Italian Lightning Location System (CESI-SIRF); and 3) data coming from a monitoring system of relay operation.
In order to appropriately compare the DMS-measured and simulated lightning-induced voltages, the events that did not produce a line flashover have been selected. Such a choice is based on the fact that the flashover position along the lines is unknown, and that the superposition of the lightning-originated transients and the travelling waves associated with the flashover itself makes the comparison less straightforward. Fig. 17 shows the location of the second stroke of the flash #43735 detected by CESI-SIRF on August 20, 2007 , used to compare the measured induced voltages with the calculated ones. The stroke is characterized by an estimated current peak of 29.1 kA and, considering that the event is a subsequent stroke, a 2 µs time-to-peak has been assumed [107] , [108] .
Additionally, the following assumptions have been adopted in the simulations.
1) Constant value of the ground conductivity assumed equal to 1 mS/m according to the Italian average ground conductivity map. 2) Stroke location assumed as the one estimated by the CESI-SIRF lightning location system. 3) Lightning current waveform characterized by a trapezoidal wave shape. 4) Straight lightning channel perpendicular to the ground plane. 5) For the return-stroke current time-space distribution, the so-called MTLE model [109] , [110] has been used for LEMP calculation. 6) Return-stroke speed assumed equal to 1.5 × 10 8 m/s. 7) Concerning the electrical network, power transformers installed in secondary substations, located in correspon- dence with the line terminations, have been modeled by means of a Π circuit of capacitances in order to represent, to a first approximation, their response to transients characterized by a frequency range around 100 kHz. The value of the equivalent capacitance of the MV side has been inferred from measurements performed on typical distribution transformers and chosen equal to 250 pF [111] . 8) The power transformers installed in the considered network are assumed to be protected by means of 20-kV rated surge arresters with a V -I characteristic obtained using a standard 8/20 µs pulse [112] . Fig. 18 shows the comparison between the calculated and measured voltages for the measurement station "Maglio" shown in Fig. 17 . It can be noted that within the limits of the simplifying assumptions that have been adopted and the complexity of the considered network, the comparison can be considered satisfactory.
IV. CONCLUSION
A survey of the theoretical bases of recently developed models for the calculation of LEMP-originated transients in overhead power lines was presented. The models take into account multiconductor lines above a lossy ground and the presence of a multibranched power system network, including components and protection devices (e.g., grounded conductors, surge arresters).
Special emphasis was placed on the experimental validation of the field-to-transmission-line coupling models. Two types of experimental data have been used for this purpose, namely: 1) reduced-scale setups with LEMP and NEMP simulators and 2) full-scale setups illuminated by artificially initiated lightning. Comparisons between simulations and experimental data obtained using the above techniques have in general shown fairly good agreement.
The paper has also presented comparisons with new data obtained on a real-world distribution network on which natural lightning-induced voltages were measured and correlated with data from a lightning location system. The good agreement between measurements and simulations demonstrates the applicability of the described models to the analysis of lightning transients on real distribution networks, in, for example, insulation coordination and lightning-to-fault correlation studies. 
